The bioclimatic model is a new method for palaeocli matic reconstruction built on the assumption of a significant correlation between climate and mammal community com position. The goal of this approach is to infer past climatic conditions using mammal fossil associations as source data.
INTRODUCTION
During the last 30 years numerous studies have been carried out in order to reconstruct past climates and to build models to help us understand how, when, and why the global climate changes happened. These studies have focused on aspects such as marine and atmospheric circulation, tectonics and palaeovegetation (CLIMAP, 1976; COHMAP, 1988; PRISM, 1995; Prentice & Webb HI, 1998; Kohfeld & Harrison, 2000) , and little attention has been paid to the important source of data available from disciplines like vertebrate palaeontology, particularly from mammal palaeontology.
There are abundant works on palaeoecological and palaeoclimatic reconstruction based on mammals ( those authors, nevertheless, offered interpretations at a quite restricted scale. They are important to the understanding of ecological or climatic evolution through time at a local scale but are difficult to extrapolate to a wider scale and thus to compare with data from other areas. Therefore, it is important to develop new methods that can be used to make climatic reconstruction and environmental interpretations at a much broader geographical scale. Hernandez Fernandez (200la) developed just such a methodology, bioclimatic analysis, to make palaeoclimatic interpretations based on mammal asso ciations. He showed the high correlation attainable between mammal associations and specific climatic and vegetation typologies (VV alter, 1970 ; see Ta ble 1), and thus the power of the analysis of mammal associations as a proxy for climatic reconstruction. In the same paper he also analysed the climatic discrimination among several sets of mammal groups, such as entire mammal faunas, rodent faunas, macromammal faunas and whole faunas without bats. The reason for doing these analyses is because in the fossil record it is quite common to have fossil associations composed only of large mammals or small mammals due to taphonomic or sampling biases. The aim of the present paper is to present models for each of the mammal groups indicated above and validate them with modern faunas not used to build the mooel. Addition ally, the model will be applied to several fossil mammal faunas, comparing the interpretations obtained using mammal assemblages with interpretations based on data from different sources, such as palynological studies.
MATERIALS AND METHODS
Hernandez Fernandez (200la) described the analytical methodology in detail. In the following paragraphs we will present only a summary of the approach.
Faunal data for 50 localities from all over the world (with the exception of Australia) and from all climates (following the climatic typology ofWalter, 1970; Ta ble 1) form the data base of this study (Appendix 1 in Hernandez Fernandez, 2001 a) . Five localities containing both faunal and climatic information were selected from each climate zone in order to have comparable data for all biomes. Each locality was selected in such a way that it represents the average climatic conditions within its climate zone and that the localities from a single climate zone were as widely scattered as possible all over the world. The faunal list of each locality has been obtained from the literature (see References in Hernandez Fernandez, 200la) .
For every locality a species by climate matrix is made. The value assigned to each of the species in each climate is 0 when the species does not live in that climate zone or 11 n (called the Climatic Restriction Index, CRI; Hernandez Fernandez, 2001 a) when it does live in it, being n the number of climates in which the species is present. See Hernandez Fernandez (2001 a) for a more detailed description on the determina tion of the climate zones inhabited by a species. The Biocli matic Component (BC) is the representation in a specific locality of each of the 10 existing climates. Each of the 10 BC values for every locality is calculated according to the formula: BCi� (2: CRI) 100/5 where i is climate zone i and 5 is the number of species in the locality. The 10 BC values of a locality constitute its bioclimatic spectrum. The latter are the data used in the multivariate analysis. The bioclimatic spectra (calculated for the whole faunas, rodent faunas, macromammal faunas and whole faunas without bats) of the 50 recent faunas, distributed all over the world (Hernandez Fernandez, 200 la) , are available as supplementary material (Appendix 1) in the journal's web site and in the web page of one of the authors (}A.H.F.) at the National Museum of Natural Sciences of Madrid web site (http://wvvw.mncn.csic.es/) . The proposed mcx:lels have been built using discriminant analysis. In this analysis, we used the different BCj that form the bioclimatic spectrum as variables. Therefore, each locality is an operational faunistic unit characterized by 10 variables. Then, based on the obtained bioclimatic spectra, we calculate a series of discriminant functions (Appendix 2, and at http;// w\VW.mncn.csic.es� and calculate to which climate zone a locality has the highest probability of association. All calcula tions were done using SPSS version 11.01.
The validation of the model was done using 13 new recent faunas (Table 2) , distinct from the 50 used to calculate the discriminant functions. Some of these localities, distributed throughout the world, are located in the proximity of eco tones between two or more climate zones. Since the main application of the model will be the inference of past climatic conditions and its evolution through time, we have decided to include these ecotone faunas to check the power of the model and its reliability for faunas with transitional climatic charac terization. Bioclimatic spectra of whole faunas, rodent faunas, macromammal faunas and whole faunas without bats of the 13 new localities are shown in Appendix 3 and at http;//www.mncn.csic.es/.
As set out above, the purpose of this model is to allow a cli matic classification of fossil faunas and thus, to provide a tool to relate past faunal variation through time and space. As an exam pIe of the results that could be obtained and its relia bility, when compared with other sources of data and inter pretations, rodent faunas from two late Pleistocene-Holocene superposed levels from the Barova Cave (Czech Republic), where faunal and palynological data are available (Svobcx:la et al., 2000), have been studied. The lower selected level is layer 12. The upper selected level, composed of layers lOb, 10c and 9, has a minim urn sam pIe size of rodent fossils adequate to obtain accurate palaeoclimatic inferences (Daams et al., 1999) . These three layers show a qualitatively homoge neous faunal composition and the results would not be affec ted by their combination. In addition, 12 early Pleistocene fossil mammal assem blages from Eurasia (of an approximate age of 1.8 ma; Ta ble 3, Fig. 1 ) were analysed by the methcx:l developed in this study. Since most of these assemblages have reported exclusively small mammals, we will use the model developed for rcx:lent faunas. There are no data available on how much time is represented by each faunal assemblage. The length of the concentration period varies from hours in some cata strophic fossil sites (Behrensmeyer & Schindel, 1983 ) to a century in macromammals fossil sites with eschatological origin (Behrensmeyer, 1982) . According to Behrensmeyer (1982) , time resolution for attritional assemblages could be 10 2 -103 years, and possibly more, in small mammal fossil sites, because of condensation and reelaboration (or rework ing) processes (sensu Fernandez-Lopez, 2000) . Nevertheless, Agusti & Martin Suarez (1986) and Alvarez Sierra et al. (1990) consider that micro mammal fossils are unlikely to be reelaborated (or reworked) because of their fragility. Further more, any shift in the biome due to climatic variation has to be reflected in sedimentary changes. Since the sampling methcx:lology considers as a fossil fauna only the specimens coming from a single stratum, we consider that the climatic conditions were probably similar, despite the time involved in the formation of some of our fossil localities. Therefore, application of the bioclimatic analysis would not suffer from the Table 3 Literature sources of the Eurasian early Pleistocene sites used in this work. N, numbers in Fig. 1 . Cl., current climate zone (see Table 1 ). S, number of rodent species. E, sedimental)' environment (K, karstic; A, alluvial) time-averaged sample present in some small mammal fossil assemblages. Application of the bioclimatic analysis to ancient mammal faunas deals with a very common problem in palaeoecology: the occurrence of nonanalogous faunas, or so-called dishar manic faunas (Lundelius et al., 1987) . Mammal species must migrate if they are to survive climate change. Palaeoecologists have demolished the notion that ecological communities can be considered as ancient, coevolved entities, since climate change evokes differential responses in the constituent taxa. Thus, the taxonomic composition of biomes during one climatic phase can be very different from that during another phase (FAUNMAP, 1996) . Climatic oscillations on the Milankovitch time scale enables repeated mixing of faunas during some phases, and disjunctions during others. These data require a dynamic perspective on mammal biogeography and raise the problem of the incidence of nonanalogous faunas. Bioclimatic analysis assigns climate zones (biomes) to the localities on the basis of the taxonomic composition of communities or fossil associations, but the bioclimatic spectrum is an emergent property of the locality based on functional bioclimatic characteristics of its constituent taxa. Thus, two mammal assemblages need not have any taxa in common in order to be assigned to the same climate zone, making the bioclimatic analysis fairly independent from modern analogues in terms of mammal communities. Potential limitations in this methodology include the possible existence of unknown biomes in the past or that modern biomes have different characteristics than in the past. This problem is stronger when the age of taxa or localities increases, although we think that Plio-Pleistocene biomes have been substantially similar to modern ones (CLIMAP, 1976; PRISM, 1995) . Nevertheless, we are developing a complementary model for quantitative inference that will be useful in addressing this problem (1v1. Hernandez Fernandez & P. Pelaez-Campomanes, in prep.). Table 3 .
RESULTS AND DISCUSSION
The bioclimatic model
The discriminant functions used for the model are shown in Appendix 2. The percentages of localities classified correctly are 98% for whole faunas, 94% for rodent faunas, 90% for macro mammal faunas and 96% for whole faunas without bats (Hernandez Fernandez, 200Ia) .
The bioclimatic spectra of the 13 localities used for valida tion (Appendix 3) show, in general, more even distribution of the different bioclimatic components (BC, sensu Hernandez Fernandez, 200 1a) than the 50 localities used to build the model, Our interpretation of this observation is that the dif ferences of distribution of the bioclimatic spectra are due to the relative position of the localities in the climatic zone. The 50 localities used in the model come from areas in the middle of climatic dominions, thus a priori with a higher proportion of taxa characteristic of the corresponding climatic zone, while several of the validation localities come from ecotone areas between two climate zones and thus include a higher degree of mixed taxa.
The result obtained in the validation of the model shows that more than 90% of the 13 localities have been classified correctly. The differences between the groups of mammals show that, as for the 50 original localities used to construct the model (Hernandez F ernandez, 200 1 a), the reliability of the rodent faunas, whole faunas and whole faunas without bats is very high, with the macro mammal fauna the least accurate (Table 4) . Despite the small differences in the classi fications obtained for each of the four groups of mammal faunas, it is important to note the high degree of accuracy expressed by all. This is important since, as was discussed above, the associations of fossil mammals are frequently composed exclusively of only one of these groups due to sam pling or taphonomic bias. This method could therefore be used to infer climatic conditions from micromammals, macro mammals, or entire faunas.
It is possible to obtain additional information and interpre tations by carefully studying the characteristics of the locali ties where the model fails. Puerto Ayacucho belongs to the tropical with summer rains climate zone (II) but it has been classified as transitional tropical semiarid climate zone (IIIIII) by the bioclimatic analysis of the whole fauna, macromamm mals and the whole fauna without bats. This is probably due to the fact that the landscape physiognomy of Los Llanos (Venezuela) corresponds to a savanna due to edaphic condi tions (Waiter, 1970) . The rodent fauna, on the other hand, classifies this locality correctly. The higher discriminant capacity of the latter group could be due to a stronger relation ship with vegetation physiognomy in the macro mammals while rodents do not have this stronger dependence and thus reflect a closer relationship with climatic conditions. This observation is supported by the results of Hernandez Fernan dez (200 la). In that work, Voi (Kenya) was assigned to a macro climate of tropical forest by the rodent fauna, while the macromammals classified it as savanna. The climate of that locality is not typical of savanna, which perhaps explains the incorrect assignment from the rodent fauna. Another possible cause of the different identified climate by the two mammal groups could be that the landscape perception scale is diffeI� ent in rodents and in macromammals. The former can find a greater variety of appropriate micro habitats while the Table 4 Discriminant analysis results for 13 new localities (PI, probability of the highest probability climate zone; P2, probability of the second highest probability climate zone; =, the second highest probability climate zone is the same as the highest probability climate zone) macromammals have a more restricted range of habitats because of their larger body size. Perhaps for this reason the rooents are more greatly influenced by climate than large mammals, while the macromammals may be more influenced by land scape scale characteristics, that is to say, by the major habitats in an area.
A similar explanation can be determined for the classifica tion of Charleston in the temperate climate zone (VI) using macromammals, although it actually belongs in the warm temperate climate zone M. This incorrect classification could be due to the similarity of, and the gradual change between, the large mammal faunas from climate zones V and VI of eastern North America. There is a relatively low number of large mammal species exclusive to the temperate evergreen forest of the south-eastern North America climatic dominion. Most of its large mammal species also inhabit the nemoral broadleaf-deciduous forest of the eastern North America cli matic dominion. This similarity is more pronounced in local ities near the ecotone V IVI. Therefore, relatively low values of BC V are attained in localities close to the north edge of the south-eastern North America climatic dominion. Hence, the results shown in Ta ble 4 indicate that it is possi ble to detect situations where the fauna comes from an eco tone, the boundary area between two climate zones. Another Table 5 Bioclimatic spectra of the Eurasian rodent fossil sites used in this work. Numbers for fossil sites as in Fig. 1 Fossil site example is that of Saskatoon, located in the ecotone between climate zones VI (temperate climate zone) and VIII (boreal climate zone). It can be observed that the highest probable climate is different depending on the group used to classify it. Using the whole fauna and the macromammals the most probable climate is VI, while using rodents and whole fauna without bats, climate VIII is identified. Furthermore, the high est probabili ty climate (PI in Ta ble 4) is usually lower than 0.90, while in situations where the locality is located in the more central parts of the dominion, the probability of the most probable climate is always close to 1.00. For those cases where the ecotone is not detected, the reason could be due to: (1) young boundaries (the boundaries were established recently) (2) the relative geographical extent of both climate zones, one of them being much larger than the other and thus the main source of taxa, or (3) one of the climates show ing a higher proportion of characteristic taxa for that climate. The latter case indicates that there are climate zones in which faunas have more cosmopolitan taxa with a low proportion of typical taxa for that climate zone, while in others the proportions of these characteristic taxa may be quite high (Appendix 1) (1v1. Hernandez Fernandez & E.S. Vrba, in prep.).
Biodimatic classification of fossil associations
Barova Cave (late Pleistocene-Holocene)
The bioclimatic spectra of both fossil rodent associations are shown in Ta ble 5. The results obtained from the model show a change from a boreal climate in Barova 12 (the highest probability climate zone is VIII, PI = 1.000; the second highest probability climate zone is VI, P 2 < 0.001) to a temperate climate in Barova 9-1 Oc-l Ob (the highest probability climate zone is VI, PI = 1.000; the second highest probability climate zone is VIII, P 2 < 0.001). These results agree with the palyno logical analysis presented by Svobodova (1992) , showing a change from a landscape dominated by tree genera represent ative of boreal coniferous forests (Pinus, Picea, JUniperus and SaliX) in the lower level (layer 12) to a nemoral broadleaf deciduous forest dominated by Corylus and Betula in the upper level (layers 9-lOc-lOb).
Eurasian early Pleistocene
The bioclimatic characterization of the extinct species from the early Pleistocene Eurasian sites has been carried out by studying the dental morphology of the species and comparing it with the morphology of modern taxa, assigning the extinct species to the morphologically closest living species or group of species (Hernandez Fernandez, 200lb; Hernandez Fernandez & Pelaez-Campomanes, 2003) . For those extinct taxa included in a phylogenetic elade in which the extant repre sentatives all have a similar climatic distribution, we assume they had the same distribution as the extant species. Problems derived from actualism force us to be cautious. Correlation between dental morphology and climatic ranges could be different for fossil taxa, and climatic ranges of extinct taxa could be unlike those of extant taxa. Thus we have ado pted a conservative approach to the study of climatic ranges of fossil taxa. Extinct genera have been analysed as a whole for comparison with extant genera (Hernandez Fernandez & Pelaez-Campomanes, 2003) . Relatively little uncertainty is introduced when all of the species in a taxon present Table 6 Qualitative bioclimatic analysis results for rodent faunas from the Eurasian basal early Pleistocene (PI, probability of the highest probability climate zone; P2, probability of the second highest probability climate zone) It can be admitted that some climatic range assignations may be over-or under-estimated. However, the intention is not to define species as key climatic indicators, thus they must not be used directly as evidence for the climate of localities that contain those taxa. This bioclimatic characterization is an important methodological step for the bioclimatic analy sis. Nevertheless, the latter is robust against a limited number of errors in the assignations. The influence of small errors associated with the incorrect assignation of species is weak because the whole fauna (or the rodent fauna) is used for the climatic inference for a locality.
The obtained bioclimatic spectra of the studied fossil rodent associations are shown in the Ta ble 5. The results of the qualitative bioclimatic analysis shown in Ta ble 6 indicate that there is a set of localities where the model assigns them a climate with a high probability, above 90%, such as Quibas, Mas Rambault 1, Les Valerots, Monte Peglia A, Chlum 6, Tiligul and Dodogol 1, while for others the probabilities for the two more probable climates are similar, such as in Bagur 2, Neuleiningen 5, Kamyk and Beftia 9. This difference among localities could be due, as pointed out in the validation of the mcx:lel, to the position of each locality within the climatic zones. Localities where the probability is high would be situated far away from the climate zone boundaries, while those with low probabilities could be situated close to the boundary between climatic zones.
Initially examining localities classified with a high proba bility, we can infer that during the early Pleistocene the Mediterranean climate (IV) was established along the Mediter ranean coast at least at its western part. East Europe and Central Asia at that time showed a typical steppe climate (VII) as indicated by the resuhs obtained for Tiligul (Ukraine) and Dodogol 1 (Russia). Finally, a third group of localities indi cate the presence of a broadleaf-deciduous forest biome (VI). The localities of climate zone VI are Les Valerots (France), Monte Peglia A Otaly) and Chlum 6 (Czech Republic). So far, the results obtained are similar to what we observe in pre sent day climatic distribution (Allue Andrade, 1990). The differences arise when we study the localities classified with low probabilities. All those localities but Neuleiningen 5 (Germany) have steppe (VII) as the most probable climate, ahhough the probability of the broadleaf-deciduous forest biome (VI) is only slightly lower. This could be interpreted as indicative of more open and drier conditions in central Europe than nowadays, with the steppe penetrating more deeply into central Europe from the East. With the few localities studied here it is not possible to establish if the steppe zonobiome formed a continuous band reaching Spain (Bagur 2), or if there were just small patches scattered through a more extended zonobiome VI. The presence nearby of areas of climatic zone VI could be the reason for the high probabil ity of this climate as the second probable climatic zone. Neu leiningen 5 has a very specific climatic classification. The most probable climate zone is boreal (VIII) , with climatic zone VII as the next most probable. One interpretation could be that the boreal climate zone, at that time, occupied a small patch related to mountain ranges, as can be observed in the present day. However, the high proportion of BC VII on the biocli matic spectrum of this locality could indicate that the steppe zonobiome was also present in western Germany during the Early Pleistocene, indicating boundary conditions between steppe and taiga (VIIIVIID.
CONCLUSIONS
The results presented in this work provide a preliminary example of the potential that bioclimatic analysis has as a tool for palaeoclimatic inference. The application of the model to fossil mammal associations from large areas and with similar ages offers the possibility to construct palaeo climatic maps when combined with palaeogeographical reconstructions. It also offers the potential to study climatic evolution at different scales in time and space. Finally, the method offers the opportunity to standardize data coming from vertebrate palaeontology for use in the construction and evaluation of palaeoclimatic models. 
SUPPLEMENTARY MATERIAL
The following material is available from http://wvvw.blackwellpublishing.com/p roo u cts!jo urnalsl suppmatlGEB/GEB057/GEB057sm.htm Appendix 1.1 Whole mammal faunal bioclimatic spectra of the localities. Appendix 1.2 Rodentia faunal bioclimatic spectra of the localities. Appendix 1.3 Large mammal faunal bioclimatic spectra of the localities. Appendix 1.4 Whole mammal without Chiroptera faunal bioclimatic spectra of the localities. Appendix 2.1 Coefficients for discriminant functions calcu lated from whole mammal faunal bioclimatic components and centroids, for each discriminant function, for every locality's biome group. Appendix 2.2 Coefficients for discriminant functions calcu lated from rodent faunal bioclimatic components and centroids, for each discriminant function, for every locality's biome group. Appendix 2.3 Coefficients for discriminant functions calcu lated from large mammal faunal bioclimatic components and centroids, for each discriminant function, for every locality's biome group. Appendix 2.4 Coefficients for discriminant functions calcu lated from whole mammal without Chiroptera faunal bioclimatic components and centroids, for each discriminant function, for every locality's biome group. Appendix 3.1 Whole mammal faunal bioclimatic spectra of the 13 new localities used for the validation of the bioclimatic model. Appendix 3.2 Rodentia faunal bioclimatic spectra of the 13 new localities used for the validation of the bioclimatic mooel.
Appendix 3.3 Large mammal faunal bioclimatic spectra of the 13 new localities used for the validation of the bioclimatic mooel.
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